Nucleolar localization/retention signal is responsible for transient accumulation of histone H2B in the nucleolus through electrostatic interactions  by Musinova, Yana R. et al.
Biochimica et Biophysica Acta 1813 (2011) 27–38
Contents lists available at ScienceDirect
Biochimica et Biophysica Acta
j ourna l homepage: www.e lsev ie r.com/ locate /bbamcrNucleolar localization/retention signal is responsible for transient accumulation of
histone H2B in the nucleolus through electrostatic interactions
Yana R. Musinova a, Olga M. Lisitsyna a,b, Sergey A. Golyshev a, Alexander I. Tuzhikov a,
Vladimir Y. Polyakov a, Eugene V. Sheval a,⁎
a A.N. Belozersky Institute of Physico-Chemical Biology, Moscow State University, Moscow, Russia
b Department of Bioengineering and Bioinformatics, Moscow State University, Moscow, Russia⁎ Corresponding author. Tel.: +7 495 939 5528; fax:
E-mail address: sheval_e@genebee.msu.su (E.V. Shev
0167-4889/$ – see front matter © 2010 Elsevier B.V. Al
doi:10.1016/j.bbamcr.2010.11.003a b s t r a c ta r t i c l e i n f oArticle history:
Received 22 June 2010
Received in revised form 24 October 2010
Accepted 10 November 2010
Available online 21 November 2010
Keywords:
Nucleolus
Histone H2B
Nucleolar localization/retention signal
Electrostatic interactionThe majority of known nuclear proteins are highly mobile. The molecular mechanisms by which they
accumulate inside stable compartments that are not separated from the nucleoplasm by membranes are
obscure. The compartmental retention of some proteins is associated with their biological function; however,
some protein interactions within distinct nuclear structures may be non-speciﬁc. The non-speciﬁc retention
may lead to the accumulation of proteins in distinct structural domains, even if the protein does not function
inside this domain. In this study, we have shown that histone H2B-EGFP initially accumulated in the nucleolus
after ectopic expression, and then gradually incorporated into the chromatin to leave only a small amount of
nucleolus-bound histone that was revealed by removing chromatin-bound proteins with DNase I treatment.
Nucleolar histone H2B had several characteristics: (i) it preferentially bound to granular component of the
nucleolus and interacted with RNA or RNA-containing nucleolar components; (ii) it freely exchanged
between the nucleolus and nucleoplasm; (iii) it associated with the nuclear matrix; and (iv) it bound to
interphase prenuclear bodies that formed after hypotonic treatment. The region in histone H2B that acts as a
nucleolar localization/retention signal (NoRS) was identiﬁed. This signal overlapped with a nuclear
localization signal (NLS), which appears to be the primary function of this region. The NoRS activity of this
region was non-speciﬁc, but the molecular mechanism was probably similar to the NoRSs of other nucleolar
proteins. All known NoRSs are enriched with basic amino acids, and we demonstrated that positively charged
motifs (nona-arginine (R9) and nona-lysine (K9)) were sufﬁcient for the nucleolar accumulation of EGFP.
Also, the correlation between measured NoRS activity and the predicted charge was observed. Thus, NoRSs
appear to achieve their function through electrostatic interactions with the negatively charged components of
the nucleolus. Though these interactions are non-speciﬁc, the functionally unrelated retention of a protein can
increase the probability of its interaction with speciﬁc and functionally related binding sites.+7 495 939 3181.
al).
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The cell nucleus is a highly organized biological structure that is
likely formed by stochastic self-organization [1–4]. At present, a key
question is how macromolecules ﬁnd their target sites inside the cell
nucleus and how they accumulate in these target sites, which are not
separated from the nucleoplasm by membranes.
The majority of nuclear proteins examined thus far are highly
mobile; they diffuse rapidly in the nucleoplasm and typically
exchange quickly with their binding sites (for review see: [5]).
Diffusion coefﬁcients for molecules, such as GFP or dextrans, that do
not bind to chromatin or nuclear structures range between ~1 and
100 μm2/s, depending on the size and shape of the molecule [6–9]. Incontrast to inert, non-binding marker proteins, the overall mobility of
biologically active molecules is reduced by a factor of 10–100 [10–13].
In the process of interacting with high-afﬁnity binding sites, these
molecules become immobilized for a short period of time during
which they exert their biological functions. For example, the mobility
of GFP-ﬁbrillarin within the nucleolus is approximately 10 times
slower than that of ﬁbrillarin in the nucleoplasm (the diffusion
coefﬁcients are 0.046 μm2/s in the nucleolus and 0.53 μm2/s in the
nucleoplasm) [10]. Similar results were obtained for GFP-UBF, GFP-
nucleolin, GFP-Rpp29, GFP-B23 and GFP-S5 [11].
Fluorescence photobleaching and activation experiments show that
the residence time of proteins on chromatin is seconds or less [13,14].
Certain proteins, such as core histones, are exceptions and are largely
immobile [15]. These measurements, and the known ability of the
proteins to diffuse rapidly through the nucleus, suggest that molecules
ﬁnd their target sites by three-dimensional random scanning of the
nuclear space [13].
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associated with its biological function, and the duration of retention
approximately equals the length of a single act of biological activity.
However, one can assume that a portion of protein interactionswith the
structures may be non-speciﬁc; for example, protein accumulation
might be not associated with a particular protein function. Indeed, even
a completely inertmolecule like ovalbumin showed at times short-lived
binding events with a decay time of ~6.3 ms within the nucleoli [16]. If
the protein interacts non-speciﬁcally with the components inside the
macroscopic structurewhere its functional binding sites are distributed,
this non-speciﬁc accumulation can increase the probability of an
interactionwith functional binding sites. It is clear that the identiﬁcation
and investigation of such non-speciﬁc interactions can be particularly
difﬁcult because they may play a secondary role in protein accumula-
tion. A study that investigates the proteins that do not have an active
functional role, but still accumulate in a given structure,wouldbeuseful.
Someproteins that are found in thenucleolus arenotnecessary, atﬁrst
glance, for known nucleolar functions. For example, it was demonstrated
that certain variants of histoneH1might accumulate in thenucleolus [17–
19]. This nucleolar accumulation may occur due to non-speciﬁc interac-
tions and may have no direct functional signiﬁcance. If so, these proteins
may be a suitable model for the study of weak, non-speciﬁc interactions.
To eliminate the possibility of some function for the nucleolar
accumulation of histone, we have chosen histone H2B for our experi-
ments, which, to our knowledge, never accumulates in the nucleolus.
Here, we have shown that histone H2B-EGFP initially accumulated in the
nucleolus after ectopic expression, and later incorporated into the
chromatin. Nucleolar histone H2B freely exchanged between the
nucleolus and nucleoplasm, and therefore, behaved similarly to nucleolar
proteins. We identiﬁed a region in histone H2B that acted as a nucleolar
localization/retention signal (NoRS). This signal was a part of the nuclear
localization signal, and its presence in histone was not dictated by
functional necessity. NoRSs similar to the ones described in the current
work might be responsible for non-speciﬁc retention of proteins in the
nucleolus. The possible mechanisms of their action are described.
2. Materials and methods
2.1. Plasmids
HistoneH2B-EGFP plasmid (Addgene plasmid 11680) [20]was used
for transfection and for plasmid construction. To obtain nucleolar-
targeting fusion proteins, PCR ampliﬁcated fragments (Supplementary
methods) of histone H2B were treated with HindIII and BamHI and
ligated into either pEGFP-C1 vector (Clontech) or pEGFP-N1 vector
(Clontech). To obtain nucleolar-targeting fusion proteins, the oligonu-
cleolides (Supplementary methods) were annealed and ligated into
HindIII and BamHI-digestedpEGFP-C1 vector (Clontech). pEGFP-C1was
used as a control plasmid. For histone H2BΔ22-41 construction, the
histone H2B cDNA coding sequence was excised from the histone H2B-
GFP as a 389-bp Acc65I-BamHI fragment and inserted between the
BamHI and Acc65I sites of pBluescript(KSII+) plasmid (Stratagene) to
produce pBluescript(KSII+)/H2B. The 467-bp fragment, excised fromof
the pBluescript(KSII+)/H2B plasmid with DdeI, ﬁlled in with Klenow,
followed by treating with NspI was inserted in to the pBluescript
(KSII+)/H2B, treated with SspBI, ﬁlled in with Klenow fragment,
followed by treating with NspI, to produce pBluescript(KSII+)/
H2BΔ22-41. The H2BΔ22-41 cDNA coding sequence excised from the
plasmid pBluescript(KSII+)/H2BΔ22-41 as a 326-bp Acc65I-BamHI
fragmentand insertedbetween theBamHIandAcc65I sites of pEGFP-N1
plasmid (Clontech) to produce pEGFP-histone H2B(Δ22-41).
2.2. Cell culture and transfection
HeLa cells were grown in Dulbecco's Modiﬁed Eagles Medium
supplemented with L-glutamine, 10% fetal calf serum (HyClone) andantibiotic/antimycotic solution (Sigma). Cellular transfection was
performed with Lipofectamine 2000 reagent (Invitrogen), according
to the manufacturer's instruction. NaCl extraction was carried out as
described elsewhere [21]. To inhibit rRNA transcription, the cells were
grown inmediumwith 0.1 μg/ml actinomycin D. To induce interphase
prenucleolar body formation, the cells were incubated in 20% Hanks
solution for 15 min and were then transferred into complete culture
medium for 30 min.
2.3. Correlative light and electron microscopy
For correlative light and electronmicroscopy, the cells were grown
on round photo-etched coverslips (ElectronMicroscopy Sciences) and
ﬁxed in 4% glutaraldehyde (Pelco International) in 0.1 M Sörensen
phosphate buffer. Immediately after ﬁxation, the coverslips were
imaged with an Attoﬂuor chamber (Invitrogen). Cells expressing the
protein of interest were revealed using an Axiovert 200M ﬂuorescent
microscope (Carl Zeiss) and photographed using PlanNeoﬂuar 5×/
0.13 and PlanNeoﬂuar 40×/0.75 objectives. The former objective
allowed us to ﬁnd the cells in phase contrast microscopy, using lines
and numbers as reference points, and the latter objective was needed
to select overexpressing cells in ultrathin section. The surrounding
cells in which pEGFP ﬂuorescence was not detected were used as a
negative control. The coverslips were retrieved from the chamber, and
the cells were further ﬁxed in glutaraldehyde for 1.5 h, postﬁxed in 1%
OsO4 (Sigma) and embedded in Epon (Fluka). After Epon polymer-
ization and removal of the coverslips by consecutive immersion into
liquid nitrogen and boiling water, the cells of interest were selected
under phase-contrast and cut into ultrathin sections using an LKB
Ultratome III. The sections were stained with lead citrate and
examined using an HU-12 electron microscope (Hitachi).
2.4. Western blotting
For immunoblotting, the cells were lysed in Laemmli's sample
buffer, boiled for 3 min, resolved on a 12.5% SDS-polyacrylamide gel
and transferred to a nitrocellulose membrane (Sigma) using a semi-
dry transfer system (Helicon). The membranes were blocked for
60 min with 1% bovine serum albumin (BSA, MP Biomedicals). The
blots were incubated for 1.5 h with primary anti-GFP antibodies
(Abcam), washed with buffer containing 50 mM Tris–HCl (pH 7.6)
and 200 mM NaCl and incubated for 1 h with secondary antibodies
conjugated to alkaline phosphatase (Sigma). After washing, the blots
were incubated in developing NBT/BCIP solution (Sigma).
2.5. Immunocytochemistry and microscopy
For immunoﬂuorescent labeling, cells were ﬁxed in 3.7% formal-
dehyde at room temperature for 15 min and then permeabilized with
0.5% Triton X-100 in PBS for 5 min. After washing in PBS, the cells
were incubated in 1% BSA for 45 min and then incubatedwith primary
antibodies for 60 min at 25 °C. Anti-B23 and anti-Sc-35 antibodies
were purchased from Sigma, and anti-A3 antibodies were character-
ized elsewhere [22]. For negative controls, PBS was used instead of the
primary antibodies. After several washes in PBS containing 0.1% BSA
and 0.05% Tween 20, the cells were incubated with Alexa 555-
conjugated antibodies (Invitrogen) for 45 min. The cells were washed
in PBS, stained with a 0.1 μg/ml solution of DAPI (Sigma) and
embedded in Mowiol (Calbiochem) containing an anti-bleaching
agent, DABCO (Sigma). The preparations were observed using an
Axiovert 200Mmicroscope (Carl Zeiss) equippedwith an Apochromat
100×/1.4 oil immersion objective. Stacks of images were recorded
with an ORCAII-ERG2 cooled CCD-camera (Hamamatsu). Deconvolu-
tion was carried out using Axiovision 3.1 software (Carl Zeiss). For
ﬁnal presentation, all images were transferred into Adobe Photoshop
5.0 LE. The intensity of cell ﬂuorescence was measured using ImageJ
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grams were plotted using Statistica 6.0 software.
2.6. Live cell imaging and ﬂuorescence recovery after photobleaching
For live observations, cells were grown on Delta-T dishes
(Bioptechs, USA). One hour prior to the experiment, the culture
mediumwas replaced with DMEM supplemented with 25 mMHEPES.
Observations were performed using an Axiovert 200M (Carl Zeiss,
Germany) inverted microscope equipped with a heated PlanNeoﬂuar
100/1.3 lens, Hamamatsu ORCAII-ERG2 digital camera and Delta-T
stage with temperature controller (Bioptechs). The medium in the
dish was overlaid with light white mineral oil (Sigma) to prevent
evaporation.
For FRAP and 4D imaging, cells were grown in 35-mm dishes with a
coverslip on the bottom. Before the experiment, the medium was
overlaid with mineral oil, and dishes were mounted onto a LSM510
confocal laser scanning microscope (Carl Zeiss). Cells were maintained
at 37 °C using both a lens heater (Bioptech) and a stage heater (Carl
Zeiss). AutoTimeSerie Macro was used for automatic 4D cell imaging
[23]. For FRAPexperiments, four single scanswere acquired, followedby
a single bleach pulse. For imaging, the laser powerwas attenuated to 2%
of the maximum intensity. FRAP recovery curves were generated from
background-subtracted images. The relativeﬂuorescence intensity (RFI)
was calculated as RFI=T0It/TtI0 where T0 was total cellular intensity
during prebleach, Ttwas the total cellular intensity at timepoint t, I0 was
the average intensity in the region of interest during prebleach and It
was the average intensity in the region of interest at timepoint t. For
automation of calculations, AutoFRAPmacro for ImageJwas used (freely
available at http://cellbiol.genebee.msu.ru/research.html).
3. Results
3.1. Excess histone H2B accumulates in the nucleolus
Twenty-four hours after transfection with a plasmid encoding
histone H2B-EGFP, two major types of cells were observed: (i) cells
with typical histone localization representing distribution throughout
the DNA inside the cell nucleus, and (ii) cells with distinct accumulation
of the protein in the nucleolus (Fig. 1A). Intermediate forms of H2B-
EGFP localization were identiﬁed in between the two extreme types of
localization (Fig. 1B). In some cases, it was difﬁcult to distinguish the
twomajormorphological typesobserved. At 48h after transfection, only
single cells with nucleolar accumulation of histone H2B-EGFP were
visible, whereas this localization was never detected in stably
transfected cells (data not shown). Correlative light and electron
microscopy showed that cells with the nucleolar localization of histone
H2B-EGFP were not different from surrounding cells that had a typical
distribution of histone H2B-EGFP or cells that did not express histone
H2B-EGFP (Fig. 1C). Western blot analyses using anti-GFP antibodies
demonstrated the expected size of the fusion protein from transfected
cells at 24 and 48 h after transfection, indicating that the fusion protein
was expressed as a full-length protein (Fig. 1D). In addition, single cells
with additional accumulation of histoneH2B-EGFP in the nucleoplasmic
complexes were visible (Supplementary Fig. S1). These cells were
extremely rare and were excluded from the analysis.
The number of cells with nucleolar histone in different experiments
varied widely (from 3% to 35%), but it was noted that increasing the
amount of plasmid in the transfection solution increased the number of
such cells. Simultaneously, the number of apoptotic cells increased.
Therefore, we empirically selected the concentration of the plasmid so
that the proportion of cells with nucleolar localization of histone was
approximately 15% (or less). The nucleolar accumulation of histone
H2B-EGFP was assumed to be associated with overexpression of the
protein. To verify this supposition, the total ﬂuorescence intensity of
cells at 24 and 48 h after transfection was analyzed. If histoneoverexpression was the cause of nucleolar accumulation, then the
mean ﬂuorescence intensity of cells at 48 h after transfection as
compared to the mean ﬂuorescence intensity of cells at 24 h after
transfection would be decreased because the cells with nucleolar
localization should disappear from the population at 48 h. Our
measurements demonstrated the opposite effect (Fig. 2A). Other
measurements on cells with typical or nucleolar localization of histone
H2B-EGFP showed that, on average, cells with nucleolar localization of
histone H2B-EGFP had higher levels of protein expressed (Fig. 2B).
However, the distribution of intensities for these two populations
overlapped, which suggests that overexpression is a contributing, but
not necessary, factor for the nucleolar localization of theprotein studied.
Next, we wanted to ascertain the cause of the disappearance of
cells with nucleolar localization of histone at 48 h after transfection.
We photographed the cells of interest in vivo at 24 h after transfection
and then cultured the cells for an additional 24 h and photographed
again. We followed 18 cells, and 13 of them divided successfully (i.e.,
at 48 h after transfection, we detected two nuclei containing
ﬂuorescent protein in the location where only one nucleus was
visible at 24 h after transfection). In the nuclei of divided cells, histone
had the typical chromatin localization (Fig. 2C). Two cells with
nucleolar localization did not divide and preserved the nucleolar
protein distribution. Three cells disappeared from the preparation and
likely died.
To obtain direct evidence of histone redistribution, live cell
imaging of cells accumulating histone H2B-EGFP in the nucleoli was
performed. We selected small (G1) cells with moderate histone
expression and photographed them every 20 min during 5–7 h. The
slow, gradual decrease of nucleolar ﬂuorescence was visible in those
cells (Fig. 2D, Supplementary movie).3.2. Histone H2B-EGFP interacts with the nucleolus and chromatin through
different mechanisms
To study the properties of histone fractions bound to the nucleolus
and chromatin, we used the ﬂuorescence recovery after photobleaching
(FRAP) method. The nucleolus and nucleoplasm were investigated
separately. The half time (t1/2) of histone H2B-EGFP ﬂuorescence
recovery in the nucleolus was ~7 s (Fig. 3A, D). It is important to note
that the level of ﬂuorescence was not fully restored; hence, another
fraction of histone (about 22% of total nucleolar histone) with low
mobility was present in the nucleolus. This fraction appeared to consist
of the protein associated with nucleolar chromatin. In the nucleoplasm,
two fractions were identiﬁed and differed by high (t1/2~1 s) or low
mobility (Fig. 3B, E). However, the proportion of the latter in the
nucleoplasm was greater than in the nucleolus (about 62% of total
nucleolar histone). In cells with normal localization of histone H2B-
EGFP, theprotein had lowmobility (Fig. 3C, F),which corresponds to the
published data [15].
Two histone fractions were separated by nuclease treatments.
After DNase I treatment and washing with buffer containing 10 mM
dithiothreitol, the brightness of the nucleoplasm ﬂuorescence was
reduced (Fig. 3G, left panels). It should be noted that after the removal
of histone associated with chromatin, histone H2B-EGFP could be
easily observed in the nucleoli, even in those classiﬁed as nuclei with
normal histone localization (Fig. 3G, right panels). Importantly, after
DNase I treatment, we were able to observe nucleolar histone H2B-
EGFP even in stably transfected cells (Supplementary Fig. S2). Thus, a
small fraction of histone H2B-EGFP was present in the nucleoli of all
transfected cells, including those that were initially classiﬁed as cells
without histone in the nucleoli (Fig. 1A). However, nucleolar histone
could not be accurately detected without DNase I treatment because
its concentration (ﬂuorescence intensity) was signiﬁcantly lower than
that in the nucleoplasm. After RNase A treatment, ﬂuorescence of the
protein in the nucleolus was reduced (Fig. 3H). Perhaps, the nucleolar
Fig. 1. Histone H2B-EGFP accumulates in the nucleoli of HeLa cells. A — Cells with nucleolar accumulation and cells with typical chromatin localization of histone H2B-EGFP are
simultaneously observed in a cell population at 24 h after transfection. The nucleoli containing histone H2B-EGFP are indicated by arrowheads. B — Different concentrations of
histone H2B-EGFP in the nucleoli. C— Correlative light and electron microscopy of a cell with nucleolar accumulation of histone H2B-EGFP. The nucleolus has typical morphological
organization and contains three structural components— ﬁbrillar center (fc), dense ﬁbrillar component (dfc) and granular component (gc). D—Western blot analysis of cell extracts
(24 and 48 h after transfection). Only one band (triangle) is detected by anti-GFP antibodies, and this indirectly indicates that nucleolar accumulation of histone H2B-EGFP is not an
effect generated by expression of the modiﬁed protein. Bars — 5 μm (A, B) and 0.5 μm (C).
30 Y.R. Musinova et al. / Biochimica et Biophysica Acta 1813 (2011) 27–38histone H2B-EGFP was associated with either RNA or RNA-containing
complexes.
Thus, histone H2B-EGFP not bound to chromatin was able to
interact dynamically with the nucleolus (possibly with RNA or RNA-
containing complexes), and its binding to chromatin led to its removal
from the mobile fraction. We could not identify the exact cause of the
almost complete disappearance of the nucleolar fraction in cells at 48
h after transfection. Cells have evolved numerous strategies to limit
the generation of excess histones and prevent the deleterious effects
due to their accumulation (for review see: [24]). Identiﬁcation of such
a mechanism was not the aim of the current study.
3.3. Nucleolar histone H2B-EGFP demonstrates a localization pattern
typical for the granular component proteins
Thenucleolus is composedof several structural components [25] and
containsmany different proteins [26]. Nucleolar proteins can be divided
into several groups based on their varied localization and their different
behaviors in experimental models. Inside the nucleolus, histone H2B-
EGFP was distributed non-homogeneously. Staining with antibodies to
the antigen A3 distributed in the ﬁbrillar centers of the nucleoli [22]demonstrated that there was no histone H2B-EGFP in the ﬁbrillar
centers, which suggests that this H2B-EGFP was preferentially associ-
ated with the granular component (Fig. 4A). Therefore, we used
antibodies to nucleolar protein B23 distributed in the granular
component for comparisonwith histone H2B-EGFP in our experiments.
After incubation with actinomycin D, the nucleolar components were
segregated, and histone was associated with the remnants of the
granular component (Fig. 4B).
It is well known that B23 is a nuclear matrix protein [28,29]. On the
contrary, all core histones can be extracted by 2 M NaCl. To investigate
the possible interaction of nucleolar histone H2B-EGFPwith the nuclear
matrix, we used the cell extraction protocol described elsewhere [21].
The cells were photographed before and after 2 M NaCl extraction
(Fig. 4C). Histone H2B-EGFP was extracted almost completely from the
cells with a typical histone distribution. In cells with nucleolar
localization, histone H2B-EGFP was seen in the nuclear matrix. To
estimate the content of histoneH2B-EGFP in thenuclearmatrix fraction,
we measured the total ﬂuorescence intensity of the protein before and
after extraction. In cells with typical localization, there was no more
than 6.3% of the total histone content in the nuclear matrix (2.5±1.5%)
(Fig. 4D). In cells with nucleolar localization of histone, 23.4±15.2% of
Fig. 2. Nucleolar accumulation of histone H2B-EGFP is a temporary phenomenon. A —
Histogram depicting total cell ﬂuorescence (total protein content) in cells at 24 and 48
h after transfection with a plasmid encoding histone H2B-EGFP. B — Histograms
depicting total cell ﬂuorescence (total protein content) in cells with typical and
nucleolar histone localization at 24 h (left histogram) and 48 h (right histogram) after
transfection. C — Translocation of histone H2B-EGFP from nucleoli to chromatin. Cells
were photographed in vivo at 24 h and 48 h after transfection. The lines and letters
etched on the coverslip surface (black arrowheads) marked the cell of interest
(arrows). D — The decrease of the nucleolar ﬂuorescence in live cells. The contrast was
adjusted for all ﬁgures simultaneously without correction of total loss of ﬂuorescence
during imaging. The nucleolus is indicated by small arrow, condensed chromatin — by
white arrowheads. Bar — 5 μm.
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scatter of values ranged from4.0% to 63.8%. This resultmight be because
histone is always partially associated with chromatin (Fig. 3), and the
amount of this chromatin-boundhistone (i.e. high-salt extractable)may
vary.
After hypotonic treatment and subsequent incubation in the
complete culture medium, so-called interphase prenucleolar bodiescontaining B23 formed in the nucleoplasm [30]. The material of these
nucleolar bodies was a part of the nuclear matrix [29]. After hypotonic
treatment, histone H2B-EGFP dissociated from the nucleolus and was
almost homogeneously distributed throughout the nucleoplasm
(Fig. 4E). After returning to isotonic conditions, numerous histone-
containinggranules formed in the nucleoplasm. The number of granules
decreased during incubation in complete culture medium. Using
immunocytochemistry, we demonstrated that histone-containing
interphase prenucleolar bodies also contained B23 (Fig. 4F); hence,
the histone did not induce the formation of speciﬁc structures de novo
but was incorporated into the typical interphase prenucleolar bodies.
Similar to B23, the histone in the interphase prenucleolar bodies was a
nuclear matrix protein (Fig. 4G).
3.4. The nucleolar retention signal determines the distribution of histone
H2B-EGFP
The interaction of histone H2B-EGFP with the nucleolus demon-
strated some properties of typical nucleolar proteins, such as B23.
Importantly, nucleolar proteins are highly mobile [10,11,31,32], and
their increased concentration in the nucleolus is the consequence of
their temporary retention. The mechanisms of protein accumulation
in non-membranous nuclear structures and domains are poorly
studied [5]. For many proteins, it has been shown that nucleolar
localization is determined by specialized sequences — nucleolar
localization signals or nucleolar retention signals (NoRSs), whose
mechanism of action is unknown [33]. Some NoRSs contain the
following motifs: (R/K)(R/K)X(RK) or (R/K)X(R/K)(R/K) [34]. Histone
H2B has a region, 28KKRKRSRK35, which contains such a motif; this
region may be a NoRS. To validate the function of the putative NoRS
(pNoRS), a DNA fragment corresponding to the amino acid sequence
KKRKRSRK was synthesized. The fragments were inserted in the 5′
terminus of the EGFP gene to encode a pEGFP-pNoRS fusion protein. In
HeLa cells transfected with a pEGFP-C1 coding plasmid, pEGFP
localized in the nucleoplasm, but was excluded from the nucleolus.
When pNoRS was fused to EGFP-C1, it targeted the fusion protein
predominantly to the nucleolus with faint staining in the nucleoplasm
(Fig. 5A).
Similar to histone H2B-GFP, the pEGFP-pNoRS fusion protein was
localized preferentially in the granular component (Supplementary
Fig. S4A) and was associated with the remnants of the granular
component after actinomycin D treatment (Supplementary Fig. S4B).
pEGFP-pNoRS was associated with interphase prenuclear bodies, but
the accumulation of this fusion protein was not as pronounced as in
the case of histone H2B-EGFP (Supplementary Fig. S4C, D). Also, FRAP
analysis demonstrated that pEGFP-pNoRS exchanged between the
nucleolus and nucleoplasm freely but that the t1/2 of the ﬂuorescence
recovery in the nucleolus was shorter than that of histone H2B-EGFP
(~0.6 s and ~7 s, respectively) (Supplementary Fig. S4E). However,
pEGFP-pNoRS was not associated with the nuclear matrix, indicating
that not all nucleolar features of histone H2B were provided
exclusively by pNoRS (Supplementary Fig. S4F).
The question arises about the meaning of the NoRS in the core
histoneH2B. It is possible that this region is not important to histone as a
NoRS, but that it plays some other function. According to the published
data, some NoRSs coincide with the nuclear localization signal (NLS)
[35–39]. The histone NoRS region analyzed may be a fragment of the
NLS.Weused the PredictNLS database [40] to search for putativeNLSs in
histone H2B. Two putative NLSs were identiﬁed (23QKKGGKKRK31 and
28KKRKRS33), and they overlapped with the putative NoRS
(28KKRKRSRK35). These regions of histone H2B were referred to as
NLS1 (23QKKDGKKRK31) andNLS2 (28KKRKRS33). To reveal the function
of these putative NLSs, the localization of the fusion proteins, pEGFP-
NLS1 and pEGFP-NLS2, was analyzed. Both proteins accumulated inside
the cell nucleus and were excluded from the cytoplasm (NLS2 slightly
more than NLS1) (Fig. 5B), indicating that the functional NLSs had been
Fig. 3. Two fractions of histone H2B. A–C— Cells expressing histone H2B-EGFP were imaged before and during recovery after bleaching of a part of the nucleus (the bleached regions
are outlined). The contrast was adjusted in the 88 s frame to visually normalize the total loss of ﬂuorescence during imaging. Histone exchange in nucleolus (A) and nucleoplasm
(B) of cells with nucleolar accumulation of the protein and in chromatin (C) of cells with typical protein localization. D–F — Quantitative analysis of ﬂuorescence recovery after
photobleaching recovery in HeLa cells. Kinetics of recovery of the ﬂuorescence signal in the bleached area in the nucleoli (D) and nucleoplasm (E) of cells with nucleolar
accumulation and in the chromatin of cells with typical histone H2B-EGFP localization (F). G — Treatment of cells with DNase I reduces nucleoplasm ﬂuorescence but does not
remove nucleolar histone (left cell). The ﬂuorescence intensity of cells with chromatin histone localization is signiﬁcantly reduced (the exposure time was 2-fold longer than that
used for untreated cells) (right cell). The decreased ﬂuorescence in the nucleoplasm allows the observation of histone H2B-EGFP inside the nucleoli of those cells. H — Treatment
with RNase A removes histone H2B-EGFP from nucleoli. Bar — 5 μm.
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were not excluded from nucleoli as pEGFP was. To estimate the
nucleolar accumulation of the proteins studied, we measured the
ﬂuorescence intensity (protein concentration) of fusion proteins in the
cytoplasm, nucleoplasm and nucleoli. The results of the measurements
were normalized relative to the ﬂuorescence intensity of the nucleo-
plasm. Greater ﬂuorescence intensity of a fusion protein as compared to
pEGFP-C1 in the nucleolus indicated that the sequence had NoRS
function (NoRS activity), and decreased ﬂuorescence intensity in the
cytoplasm indicated that the sequence functioned as NLS. All three
regions studied (pNoRS, NLS1 and NLS2) led to a decrease in proteinconcentration in the cytoplasm and to a simultaneous increase in
protein concentration in the nucleolus.
All known NoRSs are enriched with the basic amino acid residues
(Supplementary Table 1). One can assume that a positive charge in the
local NoRS region of the protein is necessary and sufﬁcient for nucleolar
targeting by the NoRS. To ascertain whether the charged regions can
function as NoRSs, DNA fragments corresponding to the sequences
RRRRRRRRR (referred to as R9) and KKKKKKKKK (referred to as K9)
were synthesized and inserted in the 5′ terminus of the EGFP gene. Both
fusion proteins, pEGFP-R9 and pEGFP-K9, accumulated in nucleoli
(Fig. 5C). It should be noted that the protein concentrations were
Fig. 4. Properties of nucleolar histone H2B-EGFP. A — Fibrillar centers revealed by A3 antibodies are depleted of histone H2B. B — Histone H2B-EGFP in cells treated with 0.1 μg/ml
actinomycin D. Histone H2B-EGFP binds to the part of the segregated nucleolus that contains B23 (arrowhead). B23 is evident only on the periphery of segregated nucleoli, probably
due to a high concentration of the antigen inside these structures, as was described elsewhere [27]. C—Nucleolar histone H2B is resistant to 2 MNaCl extraction. Histone H2B-EGFP is
extracted from cells with typical protein distribution (arrow), but only partially extracted from cells with nucleolar accumulation (arrowheads). D — Quantitative estimation of
histone H2B-EGFP extraction from cells with nucleolar accumulation of histone and from cells with typical histone localization. The ﬂuorescence intensity of cells in vivo and after
extraction was estimated, and the percentage of unextracted proteins for each cell studied was calculated. E — 4D imaging of formation of interphase prenucleolar bodies in cells
transfected with histone H2B-EGFP. The stacks were captured before hypotonic treatment, at the end of hypotonic treatment and every 5 min after returning into complete culture
medium. (Here, we present only 3 points, but for additional data, see Supplementary Fig. S3). F — Interphase prenucleolar bodies containing histone H2B-EGFP also contain B23.
G — Histone H2B-EGFP inside interphase prenucleolar bodies is resistant to 2 M NaCl treatment. Bar — 5 μm.
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cytoplasm, which suggests that these motifs function as NoRSs, but
not as NLSs.
3.5. The mapping of NoRS activity in histone H2B
If the nucleolar retention is a result of the interactions between the
positively-charged amino acids in NoRSs and nucleolar components,
then the accumulation can be signiﬁcantly affected by the surround-ing regions of the protein (e.g., the presence of negatively charged
motifs or the total negative charge of the protein). Histone H2B is
highly enriched in basic amino acids, so this is unlikely to be a factor in
nucleolar retention. Even after deleting the pNoRS-containing region
(Δ22–41), histones accumulated slightly in the nucleoli (Fig. 6A, B).
This result indicates that the NoRS in histone H2B may be a more
complex structure than we originally thought. Because histone H2B
(1–35)-EGFP protein was accumulated in nucleoli but histone H2B
(36–126)-EGFP was never detected in the nucleoli (Fig. 6A, B), then
Fig. 5. Nucleolar retention signal in histone H2B. Localization of pEGFP-C1 (control) and pEGFP-pNoRS (A), pEGFP-NLS1 and pEGFP-NLS2 (B) and pEGFP R9 and pEGFP-K9 (C). The
graph presents results of the quantitative estimation of EGFP ﬂuorescence intensity (histone concentration) in the cytoplasm, nucleoplasm and nucleoli of cells expressing fusion
proteins. We measured at least 50 cells in each experiment described in the current paper. Because the total protein content was not the same in different cells, the cytoplasmic/
nucleoplasmic (c) and nucleolar/nucleoplasmic (no) ratios were analyzed instead of absolute magnitudes. The nucleoplasm ﬂuorescence intensity (np) was set as 1. Bars — 5 μm.
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terminal region of histone H2B. Therefore, we carried out a more
detailed analysis of the N-terminal region. For this analysis, we
estimated the NoRS activity of several fusion proteins (Fig. 6C). Only
one of them (EGFP-histone H2B(1–11)) did not accumulate in the
nucleoli; all other proteins accumulated in the nucleoli to some extent
(Fig. 6D). We quantitatively estimated the NoRS activity of all of the
fusion proteins (Table 1). The NoRS activity was correlated (r=0.922;
pb0.001) with the positive charge predicted for these regions
(Fig. 6E). The strongest effect was demonstrated with EGFP-histone
H2B(21–35). Importantly, long fusion proteins (12–35 and 1–35) had
a signiﬁcantly larger positive charge, but they had slightly lower
activity than EGFP-histone H2B(21–35). It seems that the length ofthe histone region inﬂuences the NoRS activity together with the
charge. Therefore, we calculated the speciﬁc NoRS activity (NoRS
activity/length) and speciﬁc charge (predicted charge/length)
(Table 1). The graph in Fig. 6F demonstrates that these variables are
highly correlated (r=0.905; pb0.001). EGFP-pNoRS demonstrated
the highest speciﬁc NoRS activity and the highest speciﬁc charge.
Recently, the novel program for NoRS predictionwas published [41].
This program predicted a NoRS in histone H2B(8–42) that had an
uncharged N-terminal region (APAP) and a negatively charged C-
terminal region (ESYSIYV). If the positive charge leads to nucleolar
accumulation, then the region without these termini (12–35) must be
slightlymore active in the role of NoRS than the8–42 region because the
charge is higher (13.96 and 13.00, respectively). Indeed, the NoRS
Fig. 6. A detailed mapping of NoRS structure in histone H2B. A — Constructs of histone H2B (pNoRS is marked by black). B — Fluorescence microscopy observation of histone
constructs fused to EGFP and expressed in HeLa cells (24 h after transfection). C — N-terminal region (1–35) of histone H2B and constructs used for mapping of NoRS activity. D —
Fluorescence microscopy observation of histone constructs fused to EGFP and expressed in HeLa cells. Only EGFP-histone H2B(1–11) protein did not accumulate in the nucleoli,
whereas the other fusion proteins were enriched in nucleoli. E–F — Graphic representations of statistical data compiled in Table 1. E — NoRS activity ([concentration of the fusion
protein in nucleoli]/[concentration of the fusion protein in nucleoplasm]) versus the charge of the region. NoRS accumulation may be used as ameasure of NoRS activity of the region
examined. F — The speciﬁc NoRS activity versus speciﬁc charge. The use of speciﬁc values allows the regions with highest density of NoRS activity to be detected. The speciﬁc NoRS
activity depends on speciﬁc charge, indicating the causal relationship between these variables. Bars — 5 μm.
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activity of EGFP-histone H2B(12–35) was 2.82±0.31 (our calculations
were based on 158 cells in three independent experiments). Thedifference between these two fusion proteins was signiﬁcant (pb0.05).
This observation is also in agreement with the idea that the positive
charge is a major factor of nucleolar retention by NoRS.
Table 1
The characteristic of all fusion proteins, which were used in the current article.
Fusion protein The region fused with EGFP NoRS activity
(mean±SD)
Speciﬁc NoRS
activity
Predicted charge
at pH 7.4
Speciﬁc charge
at pH 7.4
EGFP-pNoRS KKRKRSRK 2.13±0.21 0.266 6.97 0.871
EGFP-NLS1 QKKGGKKRK 1.54±0.11 0.171 5.99 0.666
EGFP-NLS2 KKRKRS 1.18±0.09 0.197 4.97 0.828
EGFP-R9 RRRRRRRRR 3.78±0.54 0.420 8.98 0.998
EGFP-K9 KKKKKKKKK 3.02±0.35 0.336 8.97 0.997
EGFP-histone H2B(1–35) MPEPAKSAPAPKKGSKKAVTKAQKKGGKKRKRSRK 2.87±0.35 0.082 13.98 0.399
EGFP-histone H2B(1–26) MPEPAKSAPAPKKGSKKAVTKAQKKG 1.89±0.25 0.073 6.98 0.268
EGFP-histone H2B(1–11) MPEPAKSAPAP 0.71±0.05 0.065 −0.02 −0.002
EGFP-histone H2B(12–35) KKGSKKAVTKAQKKGGKKRKRSRK 2.82±0.31 0.118 13.96 0.582
EGFP-histone H2B(21–35) KAQKKGGKKRKRSRK 2.93±0.30 0.195 9.97 0.665
EGFP-histone H2B(24–35) KKGGKKRKRSRK 2.63±0.26 0.219 8.97 0.748
EGFP-histone H2B(8–42) APAPKKGSKKAVTKAQKKGGKKRKRSRKESYSIYV 2.79±0.32 0.080 13.00 0.371
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4.1. An approach
In the current study, we have found that an excess of histone H2B
in the cell nucleus is able to accumulate in the nucleolus. The putative
scheme of events after the ectopic expression of histone H2B-EGFP is
apparently as follows. During the ﬁrst day after transfection, histone
H2B-EGFP cannot quickly incorporate into nucleosomes, as the half-
time of exchange for this protein is rather large [15]. The portion of
H2B-EGFP that is not associated with chromatin accumulates in the
nucleolus. It is possible that this accumulation is not determined by
histone function in the given structure, but is a consequence of
histone's ability to interact non-speciﬁcally with the components of
the nucleolus. Histone gradually incorporates into chromatin, where-
as its content in the nucleolus is reduced to a level that cannot be
easily visualized with conventional microscopic examination. How-
ever, it is possible to identify this protein fraction by removing some
histone associated with chromatin using DNase I treatment, even in
cells with typical histone localization.
Importantly, histone H2B was detected in the nucleolar proteome
[26], but it seems that this histone is associated with the chromatin
inside the nucleolus. The artiﬁciality of the model used suggests that
the accumulation of histone H2B is not related to its function within a
given structure, and instead results due to some non-speciﬁc
mechanisms. Therefore, we used histone H2B as a model for studying
the characteristics of such interactions.4.2. Non-speciﬁc interactions are sufﬁcient for identifying features that
are speciﬁc to nucleolar proteins
During the analysis of histone H2B-EGFP's interaction with the
nucleolus, we found that the distribution of this protein is similar to
late rRNA processing proteins (such as B23). Indeed, histone H2B is
detected in the granular component of the nucleolus, but not in the
ﬁbrillar centers. Also, the chromatin-unincorporated histone H2B
behaves dynamically, and its half-time of exchange in the nucleolus is
~7 s. For comparison, the t1/2 of B23 is ~11 s (data not shown). Further
evidence demonstrated that, after treatment with actinomycin D and
the segregation of nucleolar components, histone H2B was associated
with the part of the nucleolus formed by the granular component.
Nucleolar histone was associated with nucleoplasmic interphase
prenuclear bodies induced by hypotonic treatment. Finally, nucleolar
histone H2B could not be extracted with 2 M NaCl, which is of great
importance.
It is well known that core histones are typical non-matrix proteins.
Association of histone H2B-EGFP with the nuclear matrix suggests
that the aggregation of the protein into the nuclear matrix is not onlydetermined by the properties of the protein, but also by the properties
of those complexes that include the protein at the moment of
permeabilization. Indeed, PCNA is resistant to high-salt treatment
only in the replication foci, but can be extracted from the nucleoplasm
in the same cells [42]. Nucleolar proteins (B23 and pKi-67) are
associated with the nucleolar matrix, but can be extracted from the
nucleoplasm [29]. These observations can be interpreted in the
following way: using the extraction, one can separate the proteins
that are a part of functional complexes, including the replication foci
and nucleoli, and those proteins that are excluded from function
complexes, such as matrix and non-matrix proteins. However, the
results of the current work are not in agreement with this
interpretation. The interaction of histone H2B-EGFP with the
nucleolus, as we assume, cannot be related to its function. The
physical properties of the protein and the complexes in which it is
included at the moment of permeabilization are determined the
resistance to 2 M NaCl extraction. A more detailed analysis of this
problem was presented elsewhere [29].
Thus, with the help of non-speciﬁc interactions, proteins can attain
some speciﬁc properties of nucleolar proteins, such as B23. However,
the nature of these interactions is unclear.4.3. The probable mechanism of histone H2B accumulation in the
nucleolus
According to the published data, a special class of sequences exists
that allows the accumulation of proteins in the nucleolus–nucleolar
localization/retention signals (NoRSs). At present, a large number of
such sites have been described in a variety of proteins in viruses,
animals, plants and fungi (Supplementary Table 1). All known NoRSs
are enriched with positively charged amino acids; however, no
consensus sequence has been identiﬁed thus far. In the case of histone
H2B-EGFP, we were able to identify the region, which could
potentially play the role of a NoRS. Indeed, the fusion protein
containing histone's NoRS was localized to the nucleolus, and this
may explain the accumulation of histone in the nucleolus. Protein
accumulation does not necessarily indicate protein function in that
structural domain, but is determined by the NoRS in the protein. Such
NoRSs are referred to as non-speciﬁc because they have no direct
functional signiﬁcance.
The presence of non-speciﬁc NoRSs in a core histone is not
surprising. This region is enriched with positively charged amino
acids, as is typical for classical nuclear localization signals. The ﬁrst step
of nuclear import occurs when import machinery discriminates
between cargo and other cellular proteins. Proteins destined for
transport into the nucleus contain amino acid targeting sequences
called nuclear localization signals (NLSs). The best characterized
transport signal for nuclear protein import is the classical NLS (cNLS),
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of basic amino acids (for review see: [43]). Structural [44,45] and
thermodynamic [46] studies have identiﬁedmany of the key features of
the cNLS. In particular, the monopartite cNLSs require a lysine followed
by two basic residues to yield a consensus sequence K(K/R)X(K/R).
According to the published data, some of the reported NoRS
peptide sequences overlapwith the NLS [35–39]. In the case of histone
H2B-EGFP, one region plays a dual role of a functional NLS and a non-
speciﬁc NoRS.
The consensus sequences of cNLSs are well known, and this allows
one to predict their presence in any protein [40]. Unlike cNLSs, there is
no obvious consensus sequence for the targeting of proteins to the
nucleolus. Recently, it was demonstrated that some cellular and viral
NoRSs have conserved arginine residues [47]. However, the existence of
NoRSs without arginines demonstrates that the putative consensus is
not universal [48,49]. In fact, it is possible that such a consensus does not
exist, and a physical mechanism employed in NoRS-mediated targeting
does not require a rigid amino acid sequence. Because all NoRSs are
enriched in basic amino acid residues and generally carry a positive
charge (Supplementary Table 1), one can assume that themechanism is
electrostatic. If so, the sequence of amino acids is not as signiﬁcant as the
amino acid composition of the NoRS. If the nucleolus is enriched with
negatively charged components, all proteins with positively charged
regions will non-speciﬁcally accumulate in the nucleolus. Of course, the
accumulation can be signiﬁcantly affected by the surrounding regions of
the protein, including the presence of negatively chargedmotifs and the
total negative charge of the protein. In the case of histone H2B, which is
highly enriched in basic amino acids, this problem does not arise.
Indeed, we found that the putative NoRS (28–35) was only a part of the
histone NoRS (21–35). According to our data, the region of the NoRS
with the highest positive speciﬁc charge (charge density) will
contribute the highest share in nucleolar retention, whereas other
regions will only enhance this retention. Our study suggests that
determination of such internal organization of NoRS region, as well as
revealing of NoRS boundaries, is impossible without a quantitative
estimation of NoRS activities. This is a signiﬁcant distinction from other
known signals (which include a nuclear localization signal, a signal
sequence for mitochondrial import, and an endoplasmic reticulum
signal sequence) that function as strictly-deﬁned integral entities
interacting with speciﬁc receptors.
Very little is known about how NoRSs interact with the nucleolus. It
is believed that nucleolar retention results from either direct or indirect
interactionwith one of the nucleolar building blocks, including rDNA or
its transcripts [50]. The retention of proteins within nucleoli can be due
to the electrostatic interaction of positively charged NoRSs with
negatively charged nucleic acids or proteins. For example, it was
shown that clusters of basic amino acids contribute to RNA binding and
the nucleolar localization of the ribosomal protein L22 [51]. Also, it has
been shown that some NoRSs can interact with B23 [39,52,53]. Because
B23 contains lengthy acidic stretches (120EEDAESEDEEEED132 and
161DEDDDDDDEEDDDEDDDDDDFDDEEAEE188), one can assume that
such an interaction will be electrostatic, as in the case of an interaction
with RNA. It is obvious that not all nucleolar interactions are mediated
by NoRSs. For example, it has been postulated that specialized RNA-
binding domains are responsible for the nucleolar accumulation of
nucleolin [54].
Thus, it appears that the presence of certain types of NLSs can
automatically lead to the accumulation of a protein in the nucleolus.
Such a situation is observed in the case of histone H2B. However, the
accumulation of a protein in the nucleolus that is caused by the
presence of a non-speciﬁc NoRS may be biologically signiﬁcant. In the
case of a protein that functions in the nucleolus, non-speciﬁc
accumulation within this structure will increase the probability of
random interactions with speciﬁc binding sites (indirect functional
signiﬁcance of non-speciﬁc nucleolar retention). In other cases,
nucleolar localization can be either indifferent in functional terms,or even harmful if the protein operates outside the nucleolus. In any
case, the accumulation of a protein in the nucleolus should not
automatically be considered as functionally signiﬁcant, until the
experimental evidence to the contrary is obtained.
Thus, we have shown that the accumulation of mobile proteins in
the nucleolus may occur due to functionally unbound retention,
which can be mediated by non-speciﬁc NoRSs. It appears that NoRSs
function through the electrostatic interactions of proteins with
components of the nucleolus.
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